The aetiology of such post-concussional symptoms has been a subject of controversy over the years (Trimble, 1981; Lishman, 1988) . The transient nature of the injury makes hard evidence of persisting brain dysfunction difficult to acquire and the role of psycho genic factors has been emphasised, especially by those clinicians who see such patients as a consequence of compensation litigation (Miller, 1961) . However, recent cognitive, brain imaging and neurophysiological studies are demonstrating unequivocal changes in brain function, structure and information processing capacity (Gronwall & Wrightson, 1974; MacFlynn et a!, 1984; Levin et a!, 1987; McMillan & Glucksman, 1987; Montgomery et a!, 1991) .
In a study of 26 consecutive minor head injuries admissions to an Accident and Emergency Department, Montgomery eta! (1991) found changes in choice reaction time, EEG theta power and brainstem transmission time that appeared to reflect direct and transient cortical damage with independent and more prolonged brainstem dysfunction. Three patterns of symptom outcome were observed over a 6-month follow-up period, depending on the presence or absence of brainstem dysfunction: 1) Background. Twenty-sixyoungmen admittedto an Accidentand EmergencyDepartmentfor observation following a minor closed head injury (post-traumatic amnesia (PTA) less than 12 hours) were investigated within 24 hours of admission (day 0) and followed up at 10 days, 6 weeks and 1 year after the trauma.
Method. Investigations at day 0 included physical examination, completion of post-concussional symptom and stress-arousal checklists,computerisedEEG (CEEG)and auditory brainstem evoked potential (BAEP)recordings.These were repeated at ten days and six weeks. At 12 monthsfollow-up,the PresentState Examination(PSE)was carriedout anda furtherpost concussional symptom checklist completed.
Results.Post-concussional symptomatologydeclinedprogressivelyfrom day 0 but half had residual symptoms at 1 year. Seventy-two per cent ran an acute course with recovery by 6 weeks, 8% a chronic unremitting course and 20% initially improved but had an exacerbation of symptoms between 6 weeks and 12 months. The CEEG alphaâ€"theta ratios decreased significantly between days 0 and 10, reaching a baseline thereafter. Measures of CEEG recovery from all channels correlated with symptom counts at six weeks; the slower the recovery the greater the symptoms. A relative delay in left temporal recovery was associated with residual psychiatric morbidity (PSE ID scores) at 12 months. Prolonged central brainstem conduction timesoccurredin 27% of patientsat day 0. Thesecorrelatedpositivelywith PTA and degree of psychiatric morbidity (PSE ID scores) at 12 months.
Conclusions. Symptom chronicity was accompanied by continuing brainstem dysfunction, while the degree of transient cortical dysfunction appeared to have a direct influence in the intensity of early organic symptom reaction to the trauma. Levels of perceived stress at the time of the injury, or afterwards, were not related to symptom formation. 
Method
Closed head injury admissions to the Accident and Emergency Department at the Royal Victoria Hospital were examined. Men aged between 14 and 30 years with an uncomplicated head injury and a post-traumatic amnesia of less than 12 hours were selected for study. Exclusion criteria were as follows: evidence of alcohol ingestion within the previous 24 hours, recent drug ingestion, previous history of alcohol or drug abuse, head injury or epilepsy, and the presence of significant trauma to other parts of the body.
On admission, each patient was seen by a member of the casualty medical staff. Details of the injury and physical examination findings were recorded. All patients remained in hospital overnight. Within 24 hours after the trauma (prior to discharge from hospital), every patient was physically examined by the consultant casualty surgeon. The latter assessed the duration of PTA, recorded the presence of any symptoms and completed a post-traumatic checklist embracing a series of common post-concussional symptoms (Rutherford eta!, 1977) . No attempt was made to rate their severity. The PTA duration was defined as the interval from the time of accident occurrence, which was routinely recorded in the Casualty records, to the time of return of continuous recall of events, when the patient was able to give a clear and consecutive account of what was happening around him. The symptom checklists were always completed after the casualty surgeon had ensured that the patient had fully recovered from PTA.
Within the same 24 hour period (day 0), and after recovery from PTA, each patient was interviewed by a research senior registrar psychiatrist, who administered a mood adjective checklist to measure self-reported stress and arousal (Mackay eta!, 1978) .
These measures were taken since the level of perceived stress at the time of the injury might well influence post-concussional symptom formation and chronicity and arousal could affect the EEG independently of the brain trauma. The psychiatrist also arranged for computerised EEG and auditory brainstem evoked response (ABR) recordings to be carried out during the same day.
The patients were seen by the research senior registrar ten days, six weeks and 12 months after head injury. At the follow-up sessions, on day ten and week six, the presence of symptoms was determined using the post-traumatic symptom checklist (see Table 1 ). The patients also rated themselves on the stress/ arousal checklist; computerised EEG and ABR recordings were performed.
The EEG at 6 weeks was assumed to reflect the subjects' baseline state since routine clinical recordings performed at such an interval after uncomplicated concussion are invariably normal (Dow et a!, 1944) . This method allows each person to act as their own control and avoids the problem of scalp EEG inter-individual variability. Such variability is not a difficulty with the ABR measures, for which in any case there are reliable control data.
At 12months, a home visit was made. A structured mental state examination (the Present State Examination, PSE) was carried out and a further post-traumatic symptom checklist completed. Table 1 Symptoms following minor head injury (Rutherford
eta!,1977)
Illustration of the symptom lists recorded at day 0 and at each of the 3 follow-up periods, the latter being sub-classified into â€˜¿ organic'
and â€˜¿ psychological' on empiricalgrounds.
Neurophysiological recording

Computerised EEG recording
Silver chlorided electrodes were applied to the scalp using collodion according to the tenâ€"twentysystem.
A Specialised Laboratory Equipment, eight channel
EEG machine was used (time constant, 0.3 seconds; high frequency attenuations 5db at 25 Hz; gain 50 microvolts per cm). With the patient reclining on a couch with eyes closed, bipolar recordings from the right mid-posterior temporal (T4â€"T6), right parieto-occipital (P4-02), left mid to posterior temporal (T3-T5 ) and left parieto-occipital (P3-01) areas were performed. During the recording, four eight-second epochs of artefact-free EEG from the four channels were multiplexed and digitised at 128 samples a second using a purpose-built EEG data acquisition and analysis system based on an Apple lIe microcomputer (McAllister eta!, 1983) . The digitised EEG signals were stored on floppy disc. Using the Fast Fourier Transform, power spectral analysis of 16 successive two-second epochs from each of the four channels was performed off-line. The mean log power for each frequency between one and 30 Hz was computed together with the standard deviation values. Measures of total power at the following frequency bands were obtained: delta (0.5â€"3 Hz), theta (3.5â€"7.5 Hz) and alpha (8â€"12 Hz). The power in each band was calculated by summing the power spectral estimates for each frequency within the band. An alpha-theta index was computed for each channel by dividing the alpha by the theta power.
Brainstem auditory evoked potential (BAEP) recording procedure
The test was carried out with the patient reclining on a couch in a sound-attenuated room, with eyes closed. Using silver chiorided stick-on electrodes, recordings were performed between the vertex and ipsilateral mastoid electrodes on the two sides. The signals were amplified by a factor of 500 000, using an amplifier with a pass band of 30Hz to 3.2 kHz, and input to the Apple lIe data acquisition and analysis system, where there were multiplexed and digitised (sampling rate 6.4 KHz) and stored on floppy disc. Click stimuli (generated by 80 microsecond pulses from an Amplaid Mark III audiometer) were delivered to each ear via TDH 39 earphones at an intensity of 70db above normal hearing threshold. One thousand and twenty-four stimuli were presented during each averaging session at a mean rate of 10 a second, the interstimulus intervals varying randomly from 7 to 20 per second. The audiometer triggered the computer to initiate each sweep sequence and the potentials for a 10 m!sec pre stimulus baseline and the 10 m!sec following each stimulus were averaged and stored on floppy disc. The right and left ears were stimulated separately. The responses were digitally filtered off-line using a band pass of 200Hz to 2 KHz and displayed on a visual display monitor. Waves Ito V of the BAEP for each ear were identified using a cursor under software control and the Iâ€"V intervals calculated.
Results
alnical and neurological findings
Twenty-six patients were studied and a complete follow-up was achieved on 25. The mean age of the sample was 19.5 Â± 2.7 years. One-third had sustained their injuries during road traffic accidents, one-third as a consequence of sporting acitivities, and the remainder in a variety of situations, including assaults. None were related to the civil disorder going on in Northern Ireland at the time.
Duration of post-traumatic amnesia (PTA)
Twelve patients had PTAs of 5 minutes or less, seven between 5 and 60 minutes, two between 60 and 120 minutes and four lasted between three and eight hours in duration. Of the whole group, 76Â°/s had a PTA of less than one hour. Indeed, 42Â°/o had a PTA of five minutes or less.
Physical signs on admission
Transient pupillary changes were observed in two patients only, and seven displayed evidence of clouding of consciousness with return to clear consciousness within six hours. Ten had minor injuries involving other parts of the body.
Post-concussiona! symptomato!ogy
One hundred per cent of patients had symptoms at day 0 with a decline thereafter at ten days (58Â°/o) and six weeks (42Â°/o). By 12months, 53Â°/s still reported one or more symptoms. The total symptoms count per person showed a similar trend with group means of 2.7, 1.9 and 1.9 at ten days, six weeks and 12 months respectively. These trends are not significant, though the difference for organic symptoms between day ten and six weeks almost reaches significance (P<0.08; paired t-tests, two-tailed).
Stress-arousa! checklist data
The head injured patients showed significantly higher levels of subjectively rated stress (P< 0.004, paired t-tests, two-tailed) and lower arousal levels (P<0.002) 517 THE POST-CONCUSSIONALSTATE: NEUROPHYSIOLOGICALASPECTS at day 0 compared to day ten. However, no change was observed between day ten and six weeks (Table  2) . Correlations between the stress/arousal values and symptom counts were insignificant at all three follow-up time intervals.
Computerised EEG findings
The alphaâ€"thetaratios for each of the four channels were calculated and the statistical differences between those at days 0 and ten, ten days and six weeks, and day 0 and six weeks were tested using paired t-tests (two-tailed). The alphaâ€"theta ratios increased significantly between day 0 and day ten for the right temporal (T4-T(,) and the right and left parieto occipital channels (P4â€"02, P3â€"01), and did not change thereafter (Fig. 1) . The left temporal channel (T3â€"T5) showed a similar but insignificant change.
To provide measures of the recovery rates of the four areas of brain studied, alpha-theta ratio change scores between recording sessions (days 0 to 10, day 0 to six weeks, day 10 to six weeks) were calculated by subtracting the ratio of the earlier recording from that of the later one. These values were termed recovery measures and did not differ significantly from each other, with the exception of the day 0 to day 10 measures. The left temporal recovery measure (mean 0.59) was significantly smaller than that of the right temporal channel (mean 1.24). This difference was significant at the 4% level (Mann Whitney U test, two-tailed).
Another interesting lateralisation effect appears at day ten, the ratios over the right hemisphere being significantly larger than those from the left side (P<0.04 for the parieto-occipital leads and P<0.005
for the temporal leads, two-tailed paired t-tests). At six weeks, the parieto-occipital side difference (P<0.001)persists while thetemporal asymmetryhas disappeared.
ALPHA-THETA RATiOS
Temporal:T4â€"T5, T3â€"T5
Brainstem auditory evoked potentials
The head injury patients had significantly longer I-V intervals at day 0 compared to an age-and sex matched group of healthy control subjects recorded in the same department (P<0.02, two-tailed t-test; Fig.2) .Indeed, sevenout of the26 (27%) had I-V intervals more thantwo standard deviations beyond the mean of the controls and were regarded as clinically abnormal. By day ten, three of the seven had returned to within the normal range (not more than two standard deviations beyond the control mean).Of theremaining fourwithprolonged I-V intervals, two had reached normalvalues by week six. The meanalphaâ€"theta ratiosfrom the temporaland parieto-occipital channels at day 0, 10 days and 6 weeks are displayed.
Table 2 Stressandarousallevels
Meanand standarddeviation values(in parentheses)of the stress and arousalmeasuresat day 0, day ten and six weeks, showing significant reductions in stress levels between days 0 and ten, paralleledby an increasein arousalover the same period.
rOrganic P less thanrPsychological P less thanT4Te0. 60.010.70.002P4-020.60.010.70.002T3-T50.50.080.50.06P3-0,0.60.0140.60.004 conduction time at day 0 (r= + 0.54, P<0.008), two tailed. The alphaâ€"theta ratio recovery measures between day 0 and 6 weeks for all channels except T3â€"T5 were significantly correlated with organic and psychological symptom counts at six weeks, while the correlations for the left temporal (T3â€"T5) channel showed similar trends that did not reach statistical significance (two-tailed tests, Table 3 ). The left temporal (T3â€"T5) alpha ratio recovery measure between day 0 and six weeks correlated insignificantly with the PSE ID scores at 12 months (r= + 0.42, P< 0.08, two-tailed) . Finally, the correlation between the BAEP IV interval at day 0 and the PSE ID scores at 12months showed a similar non-significant trend (r= +0.40, P<zO.10, two tailed). Interestingly enough there were no significant correlations between the EEG and BAEP measures.
Course of symptoms over time
The patient sample was divided into the following three groups according to the course of the symptomatology (see Table 4 ):
(1) Acute group: relatively symptom-free by week six (two symptoms or less), consisting of 18 patients. Three had prolonged brainstem conduction times at day 0 (17Â°/o). By week six only one remained abnormal (6Â°/o). (2) Chronic group: unremitting systems throughout the 12 month period after the head injury. Only two patients (8Â°/o) met this criterion and both had prolonged brainstem conduction times at week six (100%). (3) Symptom exacerbation group: relatively symptom-free by week six (two symptoms or less), followed by an exacerbation of symptom counts between week six and 12 months (defined as an increase of three or more symptoms). Five patients showed this clinical pattern. One had a prolonged brainstem conduction time at day 0 (20Â°/o). All were normal by week six (0Â°/o). Table 3 Alphaâ€"theta ratio recovery measures (0-6 weeks) and symptom counts at six weeks: correlations Clinical outcome: relation to the clinical and neurophysiological findings Clinical outcome was assessed using the PSE Index of Definition (ID) scores and the symptom counts from the post-traumatic checklist recorded during the follow-up examination 12 months post head injury.
Of the 25 followed up at 12 months, eleven were symptom-free, two had one symptom only, five had two symptoms and seven had three or more. Organic and psychological symptoms were equally common. Only one patient was a psychiatric â€˜¿ case' as defined by a PSE ID score of five or more. The ICD-9 diagnosis of this patient was neurotic depression (300.4).
Product moment correlations were performed between the following variables: PTA duration, stress/arousal levels, symptoms count, PSE ID scores at 12 months, the EEG alphaâ€"thetaratios and the BAEP Iâ€"Vintervals. PTA duration correlated significantly with organic symptom counts at day ten (r= + 0.46, P< 0.05, two-tailed) 
andthebrainstem
Correlation coefficients between the alphaâ€"theta ratio recovery measures between day 0 and six weeks and organic and psychological symptom counts at six weeks. PSE ID scores) is a tentative finding that requires replication. As in the previous study, we were unable to correlate the physiological evidence of brainstem abnormality with individual symptoms or symptom clusters. Further, there was no correlation between symptom counts and abnormal BAEP I-V intervals. If symptom count can be taken as a measure of severity of response to injury, the brainstem conduction time does not predict intensity of symptom reaction, even though persisting brainstem dysfunction accompanies unremitting symptom chronicity.
Perhaps the explanation for these apparently conflicting observations is that the brainstem dysfunction caused by the trauma has to reach a critical threshold of severity before it exerts an influence on symptom formation and course.
In contrast, the scalp EEG reflects cortical dysfunction (Cooper et a!, 1965) . Though no significant changes were apparent on visual inspection, the EEG power spectra showed a shift in frequency distribution. Montgomery et a! (1991) demonstrated a significant relative reduction in theta power between days 0 and six weeks, the alpha power remaining unchanged. The current study uses the alphaâ€"theta ratio to index this alteration in frequency distribution following the injury. The predicted increase occurred in all four channels, though the change was least marked in the left temporal area, where it did not reach statistical significance.
These changes were of transient duration witha significant increase between days 0 and ten, reaching a baseline thereafter.
The alterations in alphaâ€"theta ratios are accounted for by the changes in theta power between days 0 and ten, since the alpha power is unchanged. The observed changes can be interpreted as evidence of cortical dysfunction at day 0, improving over the next ten days to reach a baseline, which reflects the individuals' normal EEG activity. The lack of correlation between arousal levels and the EEG rules out the possibility that the EEG changes merely reflect clouding of consciousness at day 0 due to the trauma.
Since the EEG alterations are subtle and transient, measures of change (recovery measures) between days 0 and ten, day 0 and six weeks, and day ten and six weeks are important parameters to investigate as they provide a measure of the recovery process. The significant correlations between the day 0 to six weeks' alphaâ€"theta ratio recovery measures and organic symptom counts at six weeks indicate that a slower rate of recovery of cortical function is associated with higher levels of residual organic symptomatology. Hence, the degree of cortical Table 4 Clinical course and brainstem auditory evoked potential (BAEP) Iâ€"V intervals: number and percentage of patients in each clinical outcome group with prolonged central brainstem conduction time as six weeks
The three groups could not be distinguished by distribution of symptom type, PTA duration nor EEG alphaâ€"thetaratio change measures.
Discussion
These results largely replicate the observations of Montgomery et a! (1991) about the clinical course and neurophysiological sequelae of post concussional symptoms. It should be noted that the current study involves patients with extremely mild injuries; three-quarters having PTAs of one hour or less and just over a third (42%) five minutes or less. Compared with the patients described by Montgomery and colleagues, the proportion with prolonged BAEP I-V is smaller (27% as compared to 50%), presumably the result of less severe trauma. Even so, the presence of brainstem dysfunction at day 0 in nearly a third of patients with such minor injuries is a striking finding. The link between prolonged brainstem conduction time and severity of trauma is confirmed by the significant correlation between the BAEP Iâ€"V intervals at day 0 and PTA duration.
In contrast to the previous study, where brainstem dysfunction tended to persist for six weeks, the majority of patients in this sample had returned to normal by week six, again a reflection of the relatively mild nature of the trauma. Among the minority (two patients) who had persisting brainstem abnormality at week 6, both had post concussional symptoms that continued without remission for 12 months. This confirms the trend in the previous study for persisting brainstem dysfunction to be accompanied by unremitting post-concussional symptomatology.
The possible association between prolonged central brainstem conduction time at day 0 and residual psychiatric symptoms at 12 months (as measured by the dysfunction appears to have a direct influence on the intensity of organic symptom reaction. In contrast , continuing brainstem dysfunction parallels symptom chronicity and influences symptom severity indirectly, possibly through a threshold effect. The lack of correlation between perceived stress at days 0, ten and six weeks and symptom counts is further negative evidence to support the view that organic rather than psychogenic factors play a dominant role in early post-concussional symptom formation , as hypothesised by Lishman (1988) .
The left temporal region recovery measures are less than those of other areas of cortex examined. Further, this slower left temporal recovery rate (between day 0 and six weeks) is tentatively associated with more â€˜¿ psychiatric' symptoms (as measured by PSE ID scores) at 12 months follow up. Such an observation raises the possibility that dominant temporal lobe dysfunction may contribute to the generation and maintenance of symptoms after minor as well as severe head injury (Lishman, 1968) .
The asymmetries in the absolute alphaâ€"theta ratios that first appear at day ten are more difficult to account for. At day 0, the ratios from both hemispheres are bilaterally symmetrical, but by day ten, those over the right hemisphere are significantly greater. By week six, the temporal side difference has disappeared but the parieto-occipital asymmetry persists. In healthy subjects, the alpha rhythm is of slightly higher amplitude over the right hemisphere. This â€˜¿ normal' asymmetry may be temporarily abolished by the trauma with subsequent re-appearance at day ten as recovery proceeds. The later difference in symmetry between the temporal and parieto-occipital leads at week six may be a reflection of the slower rate of recovery of the left temporal activity. Clearly, more information about the symmetry of alphaâ€"theta ratios in healthy subjects is required before it is possible to account for the effect of trauma on them.
The previously observed three patterns of symptom course were again identified in this sample despite the even milder nature of the trauma causing the post-concussional symptoms. Though the numbers in each study are relatively small, the consistency of the fmdings in two independent samples makes the null hypothesis unlikely. The same assertion can be made for the association between continuing brainstem dysfunction and the presence of chronic, unremitting symptomatology.
These observations are likely to have some clinical utility. After a minor head injury, prolonged central brainstem conduction times at the week six follow up indicate significant organic involvement and predict a chronic course. A symptom exacerbation pattern at or beyond six weeks should focus the search for causation along the psychosocial dimension.
